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FOREWORD
Ne& highs in the strengths of aluminum alloy products
were the object of Contract No. DA-36-034-ORD-~3559RD. This
contract has been succes$fully completed. The final report f
covers all the work done on the contract since its beginning in §

Septémber 1961, and is divided into three parts:

ot T

I. Outline of information on the most promis-
ing alloys. The preferred processes and
compositions are described.

ITI. Fabricating Development.

ARG o LSl e, 1V

The development of the processes which
achicved the desired properties and products
is described, and recommendations for
further study are made.

IIT. Alloy Development.

The development of alloy compositions
and thermal practices which achieved the
desired properties is described, and recom-
mendations for further study are made.
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} RSMRACT - SECTION III

The objectives of this alloy development research
program were: (1) aluminum alloys with 125,000 psi yield
stren , (2) aluminum alloys with yield strengths at least
108 higher than commercial alloys with no sacrifice in resis-
tance to stress corrosion cracking (ScC), and (3) determi-
nation of tensile properties at elevated and cryogenic tem-

peratures, impact properties, tear properties, electrical =

: conductivities, hardness, and fatigue strengths. All ob- ;
jectives have been met by APM (Aluminum Powder Metallurgy) 1

- extrusions made from prealloyed atomized powders using alloys §

which combine precipitation and dispersion hardening. 3

E | 1. A yield strength of 124,000 psi was obtained in
4 Alloy 50 containing Al, 9.8 zn, 4.0 Mg, 0.8 Cu,
1.1 Mn, 1.0 Pe, 1.3 Ni, 0.01 Cr and 0,01 Ti after
solution heat treating for 0.5 hours at 920°F,
. quenching at 2,000-25,000°F/sec., and aging at
v 225°F for 96 hours.

] 2. (a) - Alloy 87 containing Al, 7.6 Zn, 2.5 Mg,
1.1 Cu, 2.2 Fe, 2.3 Ni and 0.2 Cr, solution
heat treated 2 hours at 860°F, quenched in cold
water after aging for 6 hours at 250°F plus
’ 8 hours at 330°F had a yield strength 11% higher
* than 7075-T7351 and did not fail in A.I. (alternate
’ immersion) when stressed at 75% of Y.S..
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(b) - Alloy 71 containing Al, 9.2 2n, 3.6 Mg, 1
0.6 Cu, 0.75 Co and solution heat treated for g
2 hours at 860°F, quenched in cold water and )
after aging 24 hours at 250°F had a yield ’
strength 14% higher than 7178-T651 and did not :
fail in A.. when stressed at 25% of Y.S.

(c) - Alloy 71 after aging 24 hours at 250°F plus ;
3 hours at 330°F had strengths equal to 7178-Té6€51
and the threshold stress in A.I. was at least
twice as high as 7178-TS551.
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The strengths of some APM alloys are higher than 4
- . commercial alloys from -112°F to 350°F. Fatigue strengths of
smooth specimens of those APM alloys are higher than commercial
4 7075-T6 and fatigue strengths of notched specimens are at least

. as high. Impact and tear properties are low but may be improved
by further changes in composition, fabrication and heat treatment.

When heat treated to maximum strengths, dispersion

. hardeners raise strengths slightly but the elongation of such { ’
alloys is so low that the potential usefulness is very limited. .

When "overaged" to lower strengths, however, dispersion hardeners

make a very important contribution to resistance to SCC.

: The structures were studied by light and electron
f microscopy, X-ray diffraction and electron microprobe.
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INTRODUCTION

The powder metallurgy approa.h to alloy development has
several attractive features. Atomization of alloys from the melt
permits the use of higher r~oncentrations of alloy elements than
is possible in ingot metallurgy where the cooling rate is slow
relative to atomizing cooling rates. Thus compositions which
result in such coarse constituents in ingots that properties or
fabricability are impaired, and which result in ingot cracking,
can be made by atomizing. The structure of atomized alloy powders
is very similar to that of ingot except that powder structures
are several orders of magnitude finer. This can be carried over
into the products made from powder with the result that wrought
products made from atomized alloys can have a very fine structure.
Powder metallur~v makes possible the fabrication of dispersion
hardened alloys and also alloys combining dispersion hardening
with precipitaticn hardening. '

Before this contract began, it was known that high
strength aluminum alloy extrusions could be made from prealloyed
atomized powder. The alloys fell into three classes: (1) dis-
persion hardened alloys which are characterized by a high liquid
solubility and a low solid solubility at room and elevated tem-
peratures; (2) precipitation hardened alloys which are character-
ized by a high liquid solubility, a high solid solubility at
high temperatures and a low solid solubility at room and inter-
mediate temperatureé: and (3) alloys combining the character-

istics of the dispersion hardened and precipitation hardened

systems., Examples of the tlhree classes from ARL work are:
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Alloy T.S.
(1) 4.5 Pe, 7.0 Ni 69,000 psi
(2) 6.0 2n, 2.7 Mg, 1.6 Cu, .2 Cr 94,000 psi

(3) 5.7 Pe, 5.5 Ni, 5.3 2z2n, 2.4 Mg, 1.7 Cu, .2 Cr 112,000 psi
Other examples can be cited from the work of S. G. Roberts (Ref. 1,
6, 7 and 8):

(1) 5.0 Mn, 2,0 2r, 0.5 Ti, 0.5 V 59,000 psi

(2) 9.8 2n, 3.2 Mg, 1.98 Cu, 0.2 Cr 114,000 psi

(3) 12.4 2n, 2.5 Mg, 2.2 Cu, 3.3 Fe 122,000 psi

For the purpcses of this investigation, Zn, Mg, and Cu are

T

considered to be the elements which contribute the most to precipi-

tation hardening. The dispersion forming elements include Mn, Fe, ) 1

Ni, Cr, Ti, V, 2r, Co, Mo, and W.

It had been found in ARL investigations that high strength
'powdet metallurgy alloys of the Al-Zn-Mg-Cu-Cr type sometimes had

unusually good resistance to SCC (stress corrosion cracking) even in
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the'short trancverse direction when the alloys were heat treated and
aged to their highest strengths, but the results were erratic.
Roberts raised the question of SCC in alloys of this type because of
their structure but reported no test results to support this specu-
lation.

Roberts used extrusions which were too small to permit
testing for transverse tensile properties. The extrusions used in

ARL investigations prior to this contract were large enough to permit

&

the determination of transverse properties, but low quality of the
extrusions frequently vitiated the results. After the development

of a metho? for making high quality extrusions, which is described
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in detail in Section II of this report, it was possible to get

reliable results in tensile tests and SCC tests in the transverse

direction.

OBJECT OF SECTION IIIX

Develop an aluminum alloy with a vield strength of
125,000 psi.

Develop an aluminum alloy with a yield strength at least
108 higher than commercial alloys without a sacrifice in resis-~
tance to stress corrosion cracking.

Determine tensile properties at cryogenic and elevatea
temperatures, impact properties, tear properties, electrical

conductivities, hardness, and fatigue properties.
MATERIALS

l. Powders prepared as described in Section 1I of this report
and having the compositions shown in Table I.

2. Two-inch diameter ext‘rusiom prepared as described in Section
I1 - Fig. 6 and having the compositions shown in Table 1I.

3. 0.100 in sheet prepared by rolling as described in Section II

or machined from 2 inch dia. extrusions.

RESULTS AND DISCUSSION

I. Aluminum Alloys With 125,000 psi Yield Strength

A. Selection of Alloys

Various approaches were used in the alloy selection.

Alloys 1-3 were based on earlier work performed at ARL. Mr. S. G.
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Roberts reported 0.25 in. dia. extrusions made from atomized powders
of the same composition as Alloys 4-6 had very high strengths (Ref.
1). Compositions 7-18 contained two levels of 2n, 8% and 12%, and
a fixed level cf Mg and Cu to which various amounts of dispersion
hardening elements were added. The base levels of 2n, Mg and Cu in
these alloys were chosen from results of prior work at ARL.
Quaternary Alloys 19-3. constitute a broad survey of certain
phase fields in the Al-Zn-Mg-Cu system (Table III). Some of these
alloys are outside the limits of ingot metallurgy. Some of them also
served as a base for evaluating the effects of dispersion hardening
additions. Many of the earlier alloys lav in the a + s and a + M
phase fields at 860°F (Ref. 2). The other phase fields investigated
are listed in Table III.

Alloys 32-34 and 36-40 were suggested from observed trends.

Alloy 35 was raised to « higher Mn level than Alloy 33, so that the

Mn would exceed the 50lid solubility. Alloys 41 and A2 were selected

to evaluate the effects of large amounts of Al-Mg-Cr constituents on

tensile properties. Alloys 45-59 were selected on the basis of

statistical analysis from data generated on Alloys 1-39. A dis-

cussion of this and other statistical analyees is found in Appendix A.
It was expected that the effect of omitting dispersion

hardeners could be determined by comparing Alloys 60 and 61 with 39

and 50 (or 52) respectively. Alloy 60 is similar to Alloy 39 with

a lower Mn level, 1,7% versus 0.77; Alloy 61 is similar to Alloys

50 and 52 without any dispersion hardeners present. However, the

compariscn was confused by unintentional variations in Zn and Mg.

o it g sh,
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Alloys 62-74 are modifications of Alloy 32. Alloys 75-84 are
modifications of 7178. Alloys 85-87 and 90 are modifications
of Alloy 34. Alloys 88 and 89 are the same compositions as 79
and 87 respectively, but the former are mixtures of powcers

instead of prealloyed powders.

B. Properties of Extrusions

l. Tensile Properties

Table II summarizes the properties o the extrusions.
Attention is called to the ultrasonic rating; over 75% of the
sections examir.°d exceeded SNT Class A with 95% meeting or
exceeding Class A,

The densities of the extrusions, Table II, are probably
essentially 100% of theoretical, based on the absence of porosity
seen in metallographic examinations. The values in Table II were
derived from the measured densities of the powders in Table I by
multiplying the density of the powder by 1.014 after it was
determined that the density of the extrusion was 1.1 to 1l.7%
higher than that of powder (Table IV). This difference betwuen
extrusions and powders is due to sealed pores in the atomiszed
powder particles which are not filled by the liquid in the duater-
mination of density by the pycnometer msthod. This difference in
density could also be due in part to techniques used to meature
denaity of powder and extrusion and also to structural changes in
fabrication and heat treatment. In Table IV it ls seen that the
density of the heat-treated and aged extrusions is about 0.3% less
than that of the as-extruded materjal. This is typical of

Al-2n-Mg-Cu alloys produced in conventional ways (Ref. 3) and

|
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gives further evidence of the soundness and low gas content of the
extrusions made from powder by the process described in Section II.

The tentile properties of the alloys are compared in Table
II in one or two heat treated conditions: (1) solution heat treated
in 2 in. dia. sections for 2 hours at 860°P, quenched in cold water,
aged for 24 hours at 250°F or (2) solution heat treated in 1 in. x
1 in. quadrants for 0.5 hours at 920°F, quenched in cold water, aged
for 96 hours at 225°F. In general, the second’heat treatment resulted
in higher strengths. The highest yield strength for Heat Treatment
#1 is 112 ksi for Alloy 38; the highest yiecld strength for Heat
Treatment #2 is 117 ksi for Alloys 38 and 70. Incidentally, Alloys
73, 74, 76-78, 80, 81, 84, 88 and 89 were not tested after it pecame
desirable to use available funds in other parts of the program.

The longitudinal tensile properties are generally uniform
hetween the front and back of the extrusions:; the greatest difference
for Heat Treatment #1 is 5,200 psi. Transverse yield rtrengths were
usually not determined since failure occurred before a 0.2% offset
was reached. The strain followers were damaged in some cases due
to premature failures, therefore only the tensile strengths were
usually measured. The transverse tensile strength is much lower than
the longitudipal value and greater variations exist between the front
and back. The greatest differences are 63,200 psi for Alloy 66 and
39,100 psi for Alloy 9; these large differences are probably a result
of interral defects. The higher property is probably more repre-
gentative of the potential of the alloy.

The heat treatments reported in Table II do not necessarily
develop the highast properties in these alloys. Examples of increases

which can be obtained are shown in Table V where it is seen that
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combinations of higher solution heat treat température, longer
aging times, and lower aging temperatures tend to raise tensile
strengths; the effectiveness of these treatmcnﬁs d?pends on
alloy composition. Higher solution heat~treat temperatures,
however, tend to increase cracking and aplitting'ddring quench-
- | ing. The t-'1sile strength of Alloy 39 was raised to 122 ksi
by a solution heat treatment of 2 hours at 92C°F followed by
‘aging for 96 hours at 225°F. The time at solution heat treat-
ment temperatures may also affect properties slightly as shown
in Table VI, which suggests that highest strengths are obtained
with shortest times.

Tensile and yield strengths increase with increasing
gquench rates as shown in Table VII, Fiqure 1, and !'igure 2, The
quench rates are only rough estimates, but the trend is at least
qualitatively reiiable. The high strenqgth objective of this
contract was substantially achieved by Alloy 50 having a tensile
strength of 127,500 psi and a yield strength of 124,000 psi when

solution heat treated for 0.5 hours at 920°F, quenched at 2,000-

g0
j
&

25,000°F/sec., and aged for 96 hours at 225°F, The highest Y.8.:
density (1.17 x 10% in.) was found in Alloy 52 when solution heat éj
treated for 0.5 hours at 220°F, quenched at approximately 25,000°Fr/ :
sec., and.aged for 96 hours at 225°F.

The compact preheat temperature can have an effect on
quench sensitivity as shown in Figure 2 for Alloy 50. A 900°P

preheat results in a higher quench sensitivity than a 1000°P

preheat., The same trend was observed in Alloy 52.
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2. Tensile Properties at Cryogenic and
Elevated Temperatures

The ten alloys evaluated at cryogenic and/or elevated tem-

peratures are listed in Table VIII. Only four alloys were tested

below room temperature. Properties of 7075-T6é and X2020-T6 extru-

g i — A8
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sions fabricated from ingot are included also for purpeses of ccm-
; parison. The effect of the temperature on tensile strengths is best
; illustrated in Figqure 3. (Alloy 52 is the cnly APM alloy shown
! since the other alloys responded in a similar fashion.) The APM
alloy has a definite strenqgth advantage up to about 375°F, above
which X2020-T6 takes over.

The effect of time at temperature on the tensile properties
of Alloy 52 was also investigated; the results are given in Table IX
and Figure 4 and 5. Again the APM alloy has the highest strength up
to about 375°F at which time X2020-T6 surpasses it. .The lack of
data for Alloy 52 between 212°F and 400°F leaves some question as

to whether this alloy has a curve as illustrated in Figure 3 or one

more similar to that of 7675-T6.

3. Notch Toughness and Tear Resistance

The notch toughness and/or tear resistance of Alloys 38,
52, 62, 64 and 71 were determined. The former property was evaluated
by use of the Izod impact test on heat treated 2 in. dia. extruded
rod machined into test specimens as specified by ASTM Standard
E-23-60T. The tear resistance was evaluated by means of a Kahn-Type
tear test on 0.10 in. thick sheet. This sheet was produced by either

rolling of 1 in. x 4-1/4 in. extruded slab or machining a "sheet type" ?

; specimen from a 2 in. dia. extrusion. This test measures the energy

|
{
|
|
/
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necessary to initiate a crack in the specimen and the energy
necessary to propagate this crack to complete failure and is
described in Ref. 4.

The Izod impact tests revealed the brittleness of the
APM alloys and the impact resistance is closer to that of casting
alloys than to extruded material, Table X. The sheet rolled from
extrusions was very notch sensitive, the energy required to
initiate a crack ranging from 1.2 to 2.4 in.-1b. Once the crack
was initiated, it propagated without additional energy being
needed until complete failure occurs. This is much lower than
the values usually obtainad from sheet, and is even lower than
values obtained for castings.

The tear resistance of certain step aged 0.10 in. thick
sheet machined from 2 in. dia. extrusions compared favorably
with commercial alloys, Table XI. The tear strength to yield
strength ratios are generally lower than the commercial alloys
because of the higher yield strengths obtained for the APM alloys.

Alloy 71 looks promising when compared with 7178-T6.

4. Electrical Conductivity

Heat treated slices of 2 in. dia. rod and rolled 1 in.
x 4-1/4 in. extrusions were measured using the Magnatest type

FM-100 Conductivity meter (Table XII). Conductivities follow

patterns generally expected from compositions and thermal practices.

S. Hardness

Hardness tests, both Brinell and Rockwell, were made on

AFPM products to determine the values and t) try to correlate a

o e r,_a.':;»,i N
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possible relationship between haréness and tensile strength. The
hardness values were higher than those usually obtained for alumi-
aum but the test results were nct reproducible, The data are

summarized in Appendix B.

6. Patigue Tet:s

The fatigue endurance iimits of certain alloys were in-
vestigated using a rotating beam specimen in both smooth and notched

configurations. The results are discussed in Appendix C.

C. Effectiveness cf Dispersion Hardeairg

One of the original objectives of this invaestigation was
to determine the feasibility of obtaining high tenaile strengths by
combining dispersion hardening with precipitation haxrdening. That
this approach is effective, at least to a limited extent, is seen
from the fact that the highest yield strength obtained in the entire
investigation was in an alloy containing significant amounts of Mn,
Fe, and Ni in addition to 2n, Mg, and Cu. Purthermore, the highest
Y.S. to density ratio was obtained in an alloy containing a larje
amount of Co in addition to Zn, Mg, and Cu.

It is well, however, to make a judgment as to the effective-
ness of the combination of dispersion hardening and precipitation
hardening by comparing that kind of alloy with precipitation hardened
alloys using the results in Table II. The properties for Heat Treat-
ment #1 in Table II have been arranged in groups according to Zn, My,
and Cu content in Table XIII. It is seen that dispersion hardeners

generally tend to raise tensile and ;ield strengths (at least up to

a point) and to lower elongations.




-11-

It is also fairly clear that there is a saximum in the yield
strength-amount of dispersoid relationsaip with that maximum
depending on the 2n, Mg, and Cu content as well as on the specific
dispersoids present. In all cases, however, the alloys contain-
ing dispersoids have such low elonyations when heat treated to
high strengths that the usefulness of the alloys will be very
limited.

Another means of comparing the two types of alloys is
on the basis of elongation at a given yield strength-to~density
ratio. This is done in Table X1V in which it appears that the
two types of alloys are about the same at Y.S.:density greater

than 0.95 x 10°

and that the precipitation alloys tend to be more
ductile at Y.S.:éansity values of 0.95 and lower.

An attempt was made to asseés the effects of disper-
sion hardening elements on tensile properties by various computer
analyses of results obtained in this investigation. While these
were not very successful in predicting results, they are included
in Appendix A for the record. The highest predicted yield
strangth for any powder metallurgy extrusion was 127,000 psi
for Heat Treatment #1. It is interesting to compare this with
a predicted maximum of 122,000 psi for 3/4 in. dia. extrusions
made from.ingot in another investigation. Allowing for the effect
of difference in quench rate between 3/4 in. and 2 in. dia. rod,
these analyses would indicate an advantage of 8-10 ksi for the
powder metallurgy product. However, the very low elongations of
all of the aluminum alloy materials in Lhis strength range make

these differences academic; in practice these high strengths are

not obtained consistently, possibly due to the difficuvlties
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associated with making tensile tests on extremely brittle materials.
The effectiveness of dispersion hardenina in alloys which
also contain precipitation hardening elements can be judged to some
extent from the response of the alloy to factors affecting dis-
persion hardening. The strength of dispersion hardened alloys based i
it solely on intermetallic compounds having low solid solubility at o
é elevated temperatures, e.g., FeAly, FeAlg, FeNiAlg, CojAlg, MnAlg,
? etc., is a function of the volume percent of the dispersed phase and

b an inverse function of the spacing between the particles of that

phase. The interparticle spacing for a given volume percent can be
minimized by keeping the times and temperatures at a minimum during |
preheating, fabrication and heat treatment, and by using finer i
atomized powders. -
The effects of shorter preheat times and lower preheat |
temperatures were generally opposite to those expected as shown in
Table XV. Die quenching, which minimizes times at elevat2d tempera-
tures by eliminating a separate heat treating operation, also gave
unexpected results as shown in Table XVI.
Piner powders gave higher longitudinal strengths than ‘he
normal powder in the case of Al-Zn-Mg-Cu alloys given Heat Treatme 'c
#2 in Table XVII, but the reverse was true for 2)-Zn-Mg alloy and
for both types of alloys for Heat Treatment #l. Piner powders (Table . |;’
XVIII) may give higher transverse strengths than normal powders, but
the wide scatter in data shown in Section II - Table VIII requires

that this conclusion be treated with reservations.

D. Sumaa

Higher tensile strengthe than ever reported before for Al
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alloys have been achieved by combining dispersion hardening and
precipitation hardening. These high strengths may not be ob-~
tainable with precipitation hardening alone. The extremely low
ductility, low impact strength and low tear strength associated
with these high tensile strengths and the specialized processes
required to achieve them will seriously limit the usefulrness of
these alloys. Practical considerations probably would favor
ex-trusions made from ingot over extrusions made from powder.

II. Development of Aluminum Alloys With Yield Strength 10%

Higher Than Commercial Alloys Without Sacrificing
Resistance to Stress Corrosion Cracking

When it became apparent that alloys having yield strengths
of 125,000 psi would have very low elongations, the emphasis of
the investigation was changed. At the suggestion of Mr. Harolq
Markus of Frankford Arsenal, it was agreed to try.to deqslop alloys
and practices to make extrusions which had 10% higher yieiﬂ
strengths than currently available commercial extrusions, elonga-
tions of at least 5%, and resistance to SCC (stress corrosion
cracking) at least equal to commercial alloys. This amounted to
two targets depending on strength and degree of resistance to
stress corrosion cracking, based on 7075-T7351 (the strongest
commercial alloy with immunity to stress corrosion cracking) and

on 7178-T651.

Typical Tensile Properties
(of Extrusions, 2-3" Diameter)

Longitudinal Transverse
T.§. Y.S5. EI. ¢ ¥.8. ¥.s. EI. %

Alloy ksi ksi in 4D ksi ksi in 4D
7075-T7351 75 66 11 62 56 4

7178-Té651 92 84 8 83 74 5

VY ol
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Longitudinal Tensile Properties
!TB? " Y.8. EI"T‘ sccw

,; Targets ksi ksi in 4D ksi
4 1 83 73 5 >44
; 2 101 92 5 7

* Highest sustained tension stress in short transverse
direction at which test specimen does not fail in
the 3.5% NaCl alternate immersion test.

. The attack on the targets was to be two pronged: (1)

Ei longer Aqing times and higher aging temperatures than were used to
develop the highest tensile strengths, (2) alloys with lower amounts
of dispersoids.

In the initial tests (Tables XIX and XX), it was found that
these alioys responded to extended aging with much higher increases
in elongation than were expected.

Systematic aging studies were made on a number of alloys
using 2" diameter extrusions. An extensive effort was made to use
Rockwell G hardness measurements to follow the aging, but it was
fourid that the relation betwgen hardness and strength was not very
clear and that hardness values could not be interpolated accurately
from existing hardness-aging time curves. (The hardness values are
tabulated in Appendix B for the record.) Tensile property-aging time
relationships for Alloys 2, 3, 4, 5, 6, 19, 20, 28, 33, 36, 38, 39,
49, 50, 52, 59, 60, 61, and 71 are tabulated in Tables XXI through
XXXIX. Some of the data are plotted in Figures 6 through 11. The

’ results of stress corrosion tests are given in Tables XXI through
XLIII and Figures 12 through 34,

A summary of stress-corrosion cracking results is given in

Table XLIV in which the alloys and thermal practices are listed in
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order of decreasing stress levels.
The following alloys and aging treatments meet the

strength and stress corrosion targets.

Longitudinal SCC
T.S. Y.s. FI. s Stress Days to
Alloy Aging ksi ksi in 4D ksi Failure

Taxget I: 7075-T7351 + 10% With No Failures at 75% Y.S.

83 73 5 >48 . OK 84
87 6 @ 250 + 8 @ 330 99 81 7 57 OK 84
87 16 @ 330 86 75 7 52 OK 84
79 6 @ 250 + 8 @ 330 86 79 8 54 OK 84
90 6 @ 250 + 8 @ 330 84 78 8 54 OK 84

Target II: 7178-T651 + 10% Strength Improvement, Fqual Stress,
Corrosion, Resistance

101 92 5 7-20 OK 84
71 24 @ 250 lo8 105 5 22 OK 84

Target III: Better Stress Corrosion Resistance Than 7178-Té651

92 84 5 7-20 OK 84
71 24 8 250 108 105 5 22 OK 84
90 24 @ 250 99 93 ) 20 OK 28
71 24 @ 250 + 3 @ 330 94 88 7 40 OK 84

(The alloys were all SHT 2 hours at 860°F and immediately quenched
in cold water pricr to aging.) Target III was not included as

one of the original two targets but was considesred. A more
complete summary is given in Table XLV which lists the compo-

sition of these alloys as well as alloys which may meet the tar-

Jets with adjustments in aging practices.
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The susceptibility of APM alloys to exfoliation was evaiu-
ated on 1 in. x 4-1/4 in. extruded sections of Alloy 52, S.No. 293690
using an improved accelerated teat of zcetic acid-sodium chloride i
intermittent spray at 95°F fof a 2 weak exposure (Ref. 5). The -
extrusions were sawed such that surface and mid--plane surfaces would

be exposed in the as-extruded (-W) temper, given Heat Treatment §1

(SHT 2 hours at 86Q°F, C.W.Q., Aged 24 hours at 250°F) and given
Heat Treatment #1 with an additional step acing of 4 h--'+s at 330°F.
j All heat treatments were conducted prior to the s. ple preparation.
Generally, the mid-plurnsand surface of the specimens were covered
with small shallow pits and a mild for of corrosion. There was no

indication of exfolietion on any of the vpanels. Extrusion lines

were visible on the panel surface a‘ter exposure. Heat Treatment #1
pane’s resisted the corrosive envir: nment best. The -W temper pieces
ex' ibited slightly more pitting; the step-aged panels had more pits

than the as-extruded panels.

1I1. Structure

The structures of atomized alloy powders and extrusions
made fiom them are fine relative to ingot and ingot extrusions,
and the structures of extrusions are coarser than the powders
from which they were made (Figures 35-37).

In the ecarly stages of this investigation, large con-
stituent particles which werc precent in some of the extrusions
were analyzed by electron microprcbe with the results shown in

Table XLVI. It was concluded from the analyses that Fe, Ni, Co, and

Mn were desirable elements for dispersion havdening because they
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tended to be absent from (or present in rc]atiyely slight amounts
in) the large constituent particles.

Guinier X-ray diffraction also revealed that the Zn, Mg,
Cu, and Mn, were present in the same phases in powder metallurgy
extrusions (Table XIVII) that occur in products made from ingot.

After it became apparent that Alloys 34, 87, 52, and 71
had good strenqgths combined with good resistance to SCC, a some-
what more extensive study was made of the structure.

Fxtrusicns of these alloys all had essentially the same
structures when viewed by the light microscope, and Figure 38
showing Alloy 71 in the -T6 condi*ion serves as an example. The
two-step aged condition, Fiqure 39, shows no obvious difference
in structure, but may contain a littlz more precipitate.

The electron microprobe was used to anélyze 14 to 15 of
the larger particles in extrusions of Alloys 34, 87, 52 and 71, as
illustrated by the black phases in Figure 28, Tables XLVIII and
XLIX. It was determined that some of the particles wvere ~on
metallic, i.e., their coﬁpositinn could not bhe entirelv accounted
for in the microrrobe analysis., Tt should re noted that the
percentage fiaqures reported for the non-metalliic particies cannot
be considered te be cuantitatively correct hecause of uncomnpen-~
sated absorntion effects and are given only to indicate order of
magnitude. The percentaae fiqures for the metallie particles
are somewhat more mcaninaful because arnprroximate absorption
corrections werc made: quantitative accuracy is still aquestionahle.
Sixty rercent of the larger particlcs in Alloy 34 were approxi-

mately 40% Zr and 10% Si (probabiy ZrSi04) whilo 29% of the
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particies in Alloy €7 had a similar comnosition. MNo Zr was reported
in the semiquantitative chemical analysis. These particles are
probably part of the Zifconite paste wash which was applied to the
crucible prior to melting a chargqe. The particles flaked off or
were chipped off during stivring to become part of the atomized
product. The higher 2rSi0O, concentration nccurred in the larger
charges. The presence of Cr, Fe, Si, and Ni in certain of the large
constituent pérticles indicate more work should be done to minimize
growth of these particles. Mn and Co do not occur as large con-
stituent particles and are desirable. The effect of %Zn and Mg varies;
sufficient data are not available to come to any conclusions at this
time.

Alloys 34. 87, 52, and 71 were also analyzed by the Guinier
X-ray diffraction technique. Not only were attempts.made to identify
the phases present but also tn determine the formation of additional
phases when progressing from the powder tb -T6 extrusion and finally
after prnlonaed aging. Only 2 or 3 phases were indicated as being
present in the powcer, Table L, Al, Mg,Si and either FeNiAlg or
C02A19, dependina on the alloy. After the powder is compacted,
extruded and given a -T€ heat treatment, the structure becomes auite
complex. Additional phases appear including one or more nhases

which cannot be identified. Prolonged aqgina results in an apparent

' increase in the amount of FeYiAlg but no change in the amount of

CoAlg. Prolonged aging also results in the appearance of an M'
precipitate. Other phascs stay relatively unchanged.
Fxamination of the nowders by electron microscope indicates

the microstrvucturesof Alloys 34 and R7 are somewhat coarser than

PP

W e RS st v &

LV VPRGN




-19-

that of Alloys 52 and 71, Figures 40 to 43. Alloy 71, Fiqgure 43,
appeared to have a less uniform structure in terms of constituent
dispersion than the other powders.

The microstructures of Alloys 34 and 87 extrusions are
‘guite similar, Figures 44, 45, 46, and 47. Prolonged aging of
both these alloys results in an increase in the large dark particlas
labeled MgZn;. The gray particles are believed to be FeNiAlg and
the riumber does not change appreciably. The smaller, more spheri-
cal particles are probably the E-phase (A112MgCr) dispersoid.

The Mg,8i precipitate would be present in small guantity and is
not easily identified. A very fine, light backgroupd precipitate
also appears to increase during step aging. This is similar to
the 6' phase which occurs in alloys containing Cu, but a positive
identification was not made. This could also be the M' or un-
identified phase noted in X-ray diffraction.

Alloys 52 and 71 are also similar in composition, but
the amount of precipitate present in Allov 52 is greater than for
any of the other alloys, Figqures 48, 49, 50 and S1. The differences
between the MqZn, and the Mq32n3A12 prhases are indistinquishable
in the electron microgranhs. The Cozhlg dispersoid is believed
to be the light grav anqular particles. Alloy 71 exhibits
noticeable grain (or subagrain) bouncdary vrecipitation, especially
after step agina. Note tl.e increcase in precipitate around the
Co2Aiq particles.

€mall phasecs within the laraer phases are noted in
Fiqures 44 to 51. The compositions of the larger phases could
be influenced bv these smaller included phases when analyzed by

the microprobe.
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The microprobe has also been used to investigate tensile
specimen fractures of two specimens of Alloy 59 in which low
strengths and low elongations had been observed. The origin of
failure appeared to be a region containing black inclusions, Test
results indicate the black spot inclusions have a high Mg content,
a moderate amount of Al and low-to-trace amounts. of Zn, Mn, Ni, Fe
and Cu. The level of each of these elements, with the éxception of
Mg, is far less in the dark reqion than in the surrounding region
of the fracture. A thin layer of Mg-~rich material, a spinel or
possibly MgO, is present in the "black spot" regions. Thus low

strengths and elongations can be the result of greater than normal

oxidation.

CONCLUSIONS

1. The longitudinal tensile properties of certain APM alloys
exceeded 100 ksi and were uniform alonqg the length of the extrusion.
The transverse tensile properties were lo§er than the lonqgitudinal
and failure frequently occurred before the yield strength at 0.2%

offset was reached.

2. The ductility of the alloys generally decreascd as the

strenqth increased.

3. Alloy 50, Al, 9.8% Zn, 4.0% Mg, O0.B% Cu, 1.1% Mn, 1,0%

Fe, 1.3% Ni, 0.01% Cr and 0.01% Ti, had the highest strength values

"with a yield stvength of 124,400 psi and a tensile strength nf 127,500

psi.
4. Rlloy 52 containing 10.0% Zn, 4.0% Mn, 0.9% Cu, 0.4% Mn,

0.028 Ti, 0.01% Cr and 1.5% Co had the highest yield strength to
6
density ratio, 1.174 x 10 in.
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5. The extrusion densities are higher than the powder
densities dug to the inability of the test@ng fluid to completely
£fill all voids and crevices. ./”ﬁ/

6. The difference in the densities of the extrusions
tested in the ~-F and ~T6 conditions is similar to that of con-
ventional wrought alloys.

7. Compact density and compact preheat temperature
affect the tensile properties of a fabricated product from a
given alloy.

8. The tensile strengths of an alloy increase with the
quench rate. Quench rates are determined by i he specimen size
and the quenching medium.

9. Rlloy composition affects the quench sensitivity
of alloys. '

10. Compact preheats of 1000°F result in extrusions
with less quench sensitivity than 900°F preheats.

11. Elevated and‘cryogenic tensile tests on selected
alloys indicate the properties are superior to conventional alloys
up to 350°F. Above this temperature the tensile strength decreases
rapidly.

12. Increasing the time at elevated temperatures from 1/2
to 100 hours results in a lowering of strengths and an improve-
ment on the ductility. Comparison with other alloys for similar
time at temperatures indicates that Alloy 52 again has superior
properties up to about 350°F,

13. The tear strength values, while lower than some
commercial alloys, can be improved by prolonged aging of the

more ductile alloys.
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14. The poor notch sensitivity of these extrusions is in-

dicated by the low Izod impact test values.

15. The conductivity of these alloys varies depending on
composition and aging practice.

16. The alloys are generally harder than commercial APM
alloys.

17. Attemptg to correlate hardness or conductivity data and
tensile properties have not been successful.

18. The fatigue endurance limit on smooth specimens of
Alloys 52, 62, 64, and 71 are greater than 7075-T6é <nd the data
points generzlly fall above the upper scatter band limit for 7075-T6.

19, Dispersion hardeners generally tend to raise the tansile
and yield strengths and lower the elongation.

20. The alloys respond to prolonged aging by increased
ductility and resistance to ctress corrosion cracking. The strengths
decrease.

21. Alloy 71 responds very well to overaqging, The strengths
are almost as high as thosge ébtained for Alloy 52, however, the
material is much more ductile.

22. Alternate immersion stress corrosion tests have a varied
response on the short transverse specimens from extrusions. Alloy
content and heat treatments determine the effect.

23. Stress corrosion resistance of alloys given prolonged
aging and containing high Fe and Ni (Alloys 34, 87 and 90) resulted
in no failures at stress levels significantly greater than typical
values of 7075-T73. Heat Treatment #]1 resulted in very high
strengths with better stress corrosion resistance than 7075-T6 or

7178-T6.
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24, Alloys 52 and 71, Co containing series, had stress
corrosion resistance better than that obtained for 7075-T73 + 10%
after prolonged aging. Although not as good as the Fe-Ni series,
the ductility of these alloys is greater.

25. No indication of exfoliation corrosion was present

in Alloy 52. The general effect of exfoliation corrosion on APM
material is not known.
26. The maximum dispersion strengthening effect was not

achieved frem the insoluble elements because the constituent
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particles in the extrusions were coarsened considerably over those

in the atomized powder.

27. The electron microprobe indicated that the coarse
constituents contained large amounts of Cr, Ti, V, 2r, Mo and W. &

These alloying elements are therefore considered undesirable in

o g s R e

large amounts.

28. Fe, Ni, Co and Mn are desirable elements for dis-
persion hardeners since they are not present as large constituent

particles.

S

FUTURE WORK

A total of 90 alloys have been partially evaluated. The
results haQe indicated that at least two families of alloys should
be given additional testing, namely, Al-Zn-Mg-Co-Cu (Alloys 52
and 71) and Al-Zn-Mg-Cu-Fe~Ni (Alloys 34, 87 and 90). Additional
testing has shown that these alloys are indeed promising but many
unanswered questions are still present, i.e., alloy limits, purity,
fabrication techniques, more complete stress corrosion data in both

alternate immersion and atmospheric tests, etc. Also, means of
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improving some of the poor properties, i.e., ductility and tear ;f‘

strength, must be made. Both alloy systems should be included as

part of an extensive program to obtain a high strength commercial

alloy.

The alloys obtained by use of statistical analyses should . ;
be produced and fabricated to determine how accurate the model was %
and also to improve the model. é

Other families of alloys could be included for further
evaluation, however, the emphasis should be directed toward the alloys

g discussed in the earlier paragraphs.
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TABLE III

COMPOSITIONS IN VARIOUS PHASE FIELDS OF THE
Al-Zn-Mg-Cu SYSTEM AT 860°F (460°C)

£ Zn £ Mg £ Cu Phase Field*
7.6 3.0 1.5 A+ S+T+M
7.9 3.6 . 2.3 a+S+T+M
8.0 5.6 7.9 a+S+T+M
8.0 8.5 15.0 a+S+T+M
8.0 10.3 20.0 a+S+T+M
8.0 7.5 20,0 a+S +2 M
~~— 10.8 2.3 a+S +T
3.0 7.5 .3 ¢ +S8 +T
7.0 4.0 2.3 a+S +T
10,0 4,0 2.3 a+ M+ T
14,0 Lk 2.3 a+M+T
8.0 15.0 -—- a+ T
3.0 15.0 2.3 a+ T
* Phase identification
a = Al
S = a(Al~Cu-Mg)
T= “(aé:gg:gf) isomorphous
M= g%ig:ggzMg§ Mané} isomorphous
= ggi?:ggzMQ)J isomorphous

e o o bl e E T Ee e




TABLE IV

COMPARISON OF DENSITY OF POWDERS AND EXTRUSIONS:

Difference Variation
Powder Extrusion in Densities, in Density,
Alloy Density, . Densitz, gm/ce %
No, S, No, Logation am/cc (b’ ¢ tc) (ED-FD) {(£p-PD) /ED] x100
: 39 (a) 283462 F 2,894 2,930k ,036 1.2
" " F 2,894 2.9315 .038 1.3
" " B 2.894 2,9298 .036 1.2
u " Avg 2.894 2.9306 .037 1.2
50 (a) 283481 F 2,9x4 2.9465 ,032 1.1
" " F 2.91kh 2,9459 .032 1.1
" " B (d) 2.91% 2.9481 .03k 1.2
" " Ave, 2,914 2,9468 .033 1.1
52 (a) 283492 F 2,858 2,8974 .039 1.3
" " F 2.858 2.8979 . 040 1.4
n n B 2,858 2,8975 .038 1.3
" n Ava, 2.858 2,8970 .039 1.3
52 (e) 307454 F 2.855 2,9007 . 046 1.6
" " M 2,854 2,9005 . 046 1.6
" " M 2.85% 2,9010 046 1.6
" " BM 2.85%5 2.6998 045 1.6 v
" " B 2.555 2.8392 L Gishy 1,¢ .
u " Avg 2.855 2.9001 . 045 1.6
52 (e) 307455 7 2.85% 2.8978 . Ob 1.5 t
" " B 2.855 2,8977 L043 1.9 ﬁ
n 1" Avg. 2.85‘; 2.5978 014»3 1.%
62 (e) 307321 F 2,830 2,8985 LOl8 1.7
" " B 2,830 2.8772 SO49 1.6
" " Avg. 2,830 2.8778 . 048 1.7
6% (e) 307323 3 2.833 2.8770 , Ok 1.5 !
" n B 2,833 2.8764 LO43 1.5 !
" " Avg. 2,833 2.8767 . Ot .5 i
71 (e) 307330 F 2.813 2.6566 . Olkt 1.5 :
" " FM 2,813 2.8567 . Ol 1.5 !
" " M 2,813 2.8568 Dl 1.9 :
" " BM 2,813 2.8565 . Olly 1.5 o
" n B 2,813 2.8568 . Ot 1.5 :
" " Avg. 2.813 2.8567 Ol 1.5 1

(a) Two in. dia. tensile specimens SHT 1/2 hr, at 920°F, CWQ, aged 96 hrs, at 225°F,

(b) By pycnometer method on powders, (PD})
(c) By water displacement method on a, d, and e. (ED)
{d) Two in. dia, broken tensile specimens SHT 2 hrs. at 860°F, CWG, aged 9 hrs. at 225°F.

(e} one in. x 4-1/% in, extruded slab in ~F temper. Location of specimens in sketch below,
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Table X

IMPACT AND TEAR PROPERTIES OF APM MATERIAL

Izod Impact Tear Test Unit
Enexrgy At Propagation Energy
Alloy Sample H.T, Failure in.1b/in.2  (c)
Number Number No. (a) ft-1b (b) Long. Trans.
s52 283492 2 1.0 - -
307454 1 - 0 0
307455 1 - 0 0
307454 2 - 0 0
307455 2 - 0 0
62 307321 1 1.1 0 0
307321 2 - 0 0
64 307323 1 1.1 0 0
307323 2 - 0 0
71 307330 1 1.3 0 0
307330 2 - 0 0
7178~76 Typical - - 140 (4) 130 (4)
7075-76 (e) Typical - 4.5 290 (Q) 220 (4)
195-76 Typical - 2 - -
356-T6 Typical = 1 78 (e) -

(a) H.T. §1, SHT 2 hrs. at 860°F, CWQ, Aged 24 hrs. at 250°P.
H.T. #2, SHT 1/2 hr. at 920°F, CWQ, Aged 96 hrs. at 225°P,

(b) Obtained from 2 in. dia. extrusions.

(¢) .10 in. Thick rolled stock from 1" x 4-1/4" extrusions of
alloys covered in this contract.

(d) Results of tear tests from 0.063 in. Al sheet.
(e) Unpublished data.
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Table L11

SLECTRICAL CONDUCTIVITY DATA

Eilectrs al

£ SHe! () Age {a) k] YS EL, Conductiva s
E;: Alloy 3. Ko TR = A ket kst § % JACS (c)
' e
B » 283151 2 860 2 220 - -—- L2 108 1.2 <% .
'Y » 25) 2 B0 A 20 - - 108 105 0.8 <28
S » 283453 2 Bk 24 250 2 30 9 93 2.1 2.9
'k » 28453 2 8% 2 2 L 30 9N 8 3.0 2.7
i » 28353 2 80 2 0 8 30 8 80 30 27.6
.- » 28345) 2 860 A 2% 16 3% 8 7 Lo 28.0 .
i . 283451 2 86 2 250 18 3 82 7 Lo 29.3
: » 04,53 2 B& 2l 20 312 16 76 & 5.0 2.1
R k. 28353 2 860 2l 250 L8 3 73 61 5.5 29.6
: » 8453 2 860 2 250 1 X0 93 87 2.5 26.3
: '} 28453 2 860 2 50 2 350 82 2.5 21.3
| B 203,53 . Béo A 250 L 30 8L 5 L0 21.7
t L] 28345) 2 860 2 250 8 350 19 68 L.5 28.5
: 38 28353 2 860 2L 250 12 350 76 64 5.5 28.9
9 283160 2 8o 2 250 - --= 107 10k 1.3 <25
9 283460 2 860 2 250 % 30 81 71 1.8 27.8
; » 283,60 2 860 2 250 32 3% M 62 2.3 28.7
: ¥ 283460 2 B 2 250 8 30 W 6 L.0 29.2
i 9 28360 2 860 2L 250 L 350 82 75 1.8 27.3
9 283,60 2 860 2 250 8 330 719 3.0 28.2
39 283,60 2 860 2y 250 12 330 W7 65 3.5 28.7
L9 263071 2 860 2 250 . aem 1?7 104 1.0 <25
‘ u9 84,71 2 860 2 250 16 330 8 77 21 28.2
ug 283L7 2 860 2 250 32 330 75 67 3.0 29.3
L9 284,71 2 860 2l 250 k8 330 72 63 3.0 29.8
L9 283,71 2 860 2l 250 4 350 8l 78 1.5 27.4
L9 2683471 2 860 24 250 8 350 71 66 1.4 28.7
L9 283471 2 860 2l 250 12 %0 71 66 2.4 29.3
50 283.80 2 B 2l 250 . eme 100 96 1.5 <25
50 283480 2 860 2 250 16 33 85 77 1.6 27.9
S0 283480 2 860 2 250 32 33 8 70 2.4 29.0
50 283,80 2 .- 860 24 250 b 330 7 &6 2.0 29.2
50 283480 2 860 24 250 L 38 85 79 1.9 27.4
50 283180 2 B0 24 250 8 30 80 3 2.4 28.2
50 283480 2 860 2L 250 12 350 78 69 2.4 28.8
52 307L54L(t) 2 860 2l 250 - - 100 95 2 28.6
52 JO7L55(b) 2 860 2l 250 - ee- 103 98 2 28.2
52 283u90 2 8&0 2 250 -~ - 109 106 2.9 28.9
52 263496 2 B&O 2 250 .- - 107 205 2.6 28.2
52 283,96 2 860 2 250 2 230 93 1.9 31.5
%2 283496 2 8&0 2 250 L 330 9% 90 k.2 32.5
2 283496 2 8& 2 250 8 330 9N 8y 6.5 33.8
52 28396 2 860 24 250 16 330 8 7% 6.5 3.7
52 283,90 2 B8O 2l 259 2h 330 79 70 6.0 3.2
52 283496 2 860 2 250 32 3% 7 68 6.0 36.0
€2 283,96 2 Béo 2l 250 B 330 T 6. 1.0 36.7
52 283,96 2 860 2 250 1 3%y 9 90 5.0 3.1
52 283,96 2 860 24 250 2 %0 91 85 9.0 331
52 283,96 2 860 24 250 L 350 85 n 6.5 3h.1
52 283,96 2 B6O 2 250 8 350 80 70 8.0 35.1
2 283496 2 860 4 250 12 350 T 66 8.0 36.1
52 307LSh(b) 0.5 %20 96 22 e ee 6 eem e 27.6
52 307455(b) 0.5 920 96 225 es e 102 97 2 28.6
62 307321({b) 2 860 2 250 - === 10k 97 3 28.4
62 307321(b) 0.5 920 96 22 R £ J . 27.3
A 307323(%) 2 360 2 24( — - 9 %0 2 27.4
& 7323(1) 0.5 y20 9% 2z, N T, 26.3
! 307339(®) 2 860 24 250 e == 100 s b 9.2
n 293387 2 8& 2k 250 - --- 108 103 L.5 31.0
7 293367 2 860 2l 250 2 30 10} 1100 5.2 32.1
71 293387 2 B0 2 250 L o0 101 98 5.8 32.5
7 293387 2 860 2L 250 8 un 99 95 6.5 3.5
n 293387 ¢ 860 2l 250 A 0 N 86 7.8 3.0
n 293387 2 B& 2% 250 8 0 66 79 9.2 3.8
il 293387 2 8o 2 250 2 o 9 93 6.0 33.6
7 £93387 PR 2l 250 b330 93 88 8.0 Ao
2 292387 2 B&0 2 250 8 33 87 8L 9.2 36.3
n 293387 2 860 2l 250 1% 3o 8 n 9.5 3.k
n 293387 2 860 2y 250 20330 7 66 11.2 38.7
n 253387 2 860 2l 250 UL BT R 5 62 11.5% 39.2
7 30730(b) 0.5 920 96 225 - e- 98 93 3 29.0
7075 -7651 (d){e) - - -- ——— - --- B8 80 1 1.0
7178-1651 (d)(e) PR - -ee - e 92 8, .8 32.8
NOTE: (a) t » time in hars, T + temperature in .

(b) Dats from 1" x L-1/L" extrusjons rolled to shest. All other tests - 2" diameter.
(c) Reading taken midway betwean edge and center.

(4) Tvpicals from R. R. Sons 3/23/65, 2 to 3 inch dismeter extrusions.

() Typicals frum C. F. Babilon L/5/66, plate and rolled rod.

(f) Quenched in cold water immediately after SHT

e 3 Sl W b PR
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Table XLV

A, P, M, ALLOYS MBBIING STRBSS CORROSION AND STRENGTH TARGETS

- SCC
% Longitudinal b)Y Days :
. ‘Z:"‘___E‘_’...L." :‘°..,..“' — acs T.5.  Y.S. El.,% Stress .,
Aoy In re = sxher ing (2 ksi ksi 4in 4D kei Failure
Jazges A3 7075-T7351 + 10% with no failures 2t 75% Y.S. 83 73 S »48 O K 84
A. Huyats Target iy
87 7.6 2.5 1.1 2.2 Fe, 2.3 N{, 2 Cr, 6@ 250 + 8 @ 330 90 81 7 57 O K 84
B? 7.0 2.5 1.1 2.2 Fo, 2.3 Ni, 2 Cr. 16 @ 330 86 75 7 52 O K 84
72 6.8 2.8 2.1 1.0 Mn, .5 Cp .1 2r, 6 @ 250 + 8 @ 330 86 79 e 54 O K 84
;r o0 7.5 2.4 1.0 1.1 Fe, 1.0 Ni, .2 Cx. ¢ @ 250 « 8@ 330 84 78 8 54 O K 84
i
B, May Mgat Target After Changes in Aging Practices
71 9.2 3.6 .5 .7 Co, .02 Cr, .02 Ti. 24 @ 250 + 8 @330 87 80 9 60 45,54
52 1Q.0 4,0 .9 1.5 Co, .01 Cx, .02 Ti 24 @ 250 + 4 @330 94 89 4 54 33,33
34 7.8 2.5 1.0 3.8 fe, 4.9 Ni, .09 Cr 6@ 30 + 4@ 33 88 a3« 1 O K B4
Target 1X: 7178-T6S51 + 10% Strength Improvement, Hyual Stress, Corrosion, Resistance
10 92 S 7-20 O K 84
A. Meets Target
7 9.3 3.6 .S .7 Co, .02 Cr, .02 Ti 24 @ 250 108 105 5 22 O K &4
B, May Meuet Target After Changes in Aqing Practices
32 1G.0 4.0 .2 1.5 Co, .01 Cr, .02 Ti 24 @ 250 106 103 2 a5 12,18
87 7.6 2.5 1.1 2.2 Fe, 2.3 Ni, .2 Cr. 24 @ 250 105 99 3 45 82, OxA4
32 0.0 4.0 .5 1.5 Co, .01 Cr, .02 TL 24 @ 250 109 106 3 49 1,1
Target II1l: Better Stress Currusion Resistance [han 7178-T6S51 92 84 S 7-20 C K 84 .
A, Maats Target
7 9.3 3.6 .5 .7 Co, .04 Cy, .02 Ti 24 & 250 108 105 5 22 G K 84
Q0 7.5 2,4 1.0 1.1 Fa, 1.0 Ni, .2 Cr 24 ¢ 250 99 93 5 20 O K 28
7 9.3 3.6 .5 .7 Co, .02 Uy, .2 T} 24 ¥ 250 + 3 @230 94 LL] 7 40 O K 34 .®
B, May Meet [iget After Chaages in Agiug Practices : LI
52 10.0 4.0 .Y 1.5 Co ,01 Cr, .02 i 24 & 250 106 103 2 24 O K 84 ﬁ, \
8% 7.6 2.5 1.} .02 Mn, 2.2 Fe, 2.3 N, 24 @ 250 105 99 3 22 O K A4 ;
.2 Crx,
$2 10.0 4.0 .9 1.5 Co. O Cr, .02 i 24 & 250 + 4 4 330 94 a9 4 40 O K B4 . f
3 12,3 4.0 1.6 W5 B 11 8 250 + 3 4330 102 99 3 20 oK 84 .
79 6.5 2.7 2.1 1.0 by .5 Cr. Za @ 450 97 88 4 20 O K B4 N
B ERAN B
{a) ALl Specimens SH1 ¢ Hrs at noo"r‘, Cold water quenched, agesd as poted.
(b) Bxposed in 3%% NaCl Al bath at room temperature., Stressed in short trarnsverse dfrection. *
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FIGURE 6
THE EFFECT OF STEP AGING ON ALLOY 38 -LONGITUDINAL
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FIGURE 7
THE EFFECT OF STEP AGING ON ALLOY 38- TRANSVERSE
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" EXTRUSION IN -T6 TEMPER 500X !

‘= KELLER'S ETCH LONG
3 PIGURE 35: ALLOY 38. Al-8.4 Zn - 3.6 Mg - 1.0 Mn - 0.8 Fe - 2.8 Ni '
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FIGURE 36: ALLOY 15. Al-11.4 2n-3.4 Mg-1.5 Cu~.5 Cr-.5 Ti-.5 V-.6 2r
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Al - 7.9 Zn - 8 4§ Mg - 14.9 Cu

ALLOY 22.
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Extrusion in -T6é Temper 500X
Keller's Etch

Figure 38
Alloy 71. Al - 9.2 2n - 3.6 Mg - 0.5 Cu - 0.7 Co.

0 o il o~ BB -

0
’ A
.y
Ry LIPS AT

y -

i e e
L

n Sy 2

SO Ry
v 'y

=0 5".- et
'.‘.'Rtsw-*"'s i ¥

Extrusion in -T6 + 20 hrs at 330°F Temper 500X
Keller's Etch

Figure 39
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Alloy 71. Al - 9.3 2n - 3.6 Mg - 0.5 Cu - 0.7 Co.
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5-283269 Carbon Replica 20,000Xx

Fiqure 40

Electron micrograph showing the structure
of Alloy 34 powder.
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S-307598 Carbon Replica 20,000X

Figure 41

Electron micrograph showing the structure
of Alloy 87 powder.
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Carbon Replica

S-283274

Figure 42

NN S

Electron micrograph showing the structure

of Alloy 52 powder.
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$-293303 Carbon Replica 20,000X i
Electron micrecgraph showing the structure of '

Alloy 71 powder. Particles in this powder were
slightly less uniformly dispersed than in the other 3
powders. ‘
Figure 43 ?
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$-283441-A

Oxide Replica 10,000X
Alloy 34-T6 Powder Extrusion

Figure 44

Shows the structure (longitudinal section)
of the extrusion made from Alloy 34 powder.

Extrusion has been S.H.T. 2 hrs at 860°F,
C.W.Q., Aged 24 hrs at 250°F.
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S-283441-8 Oxide Replica 10,000X
5 Alloy 34 Prolonged Age Powder Extrusion
., B Shows the structure (longitudinal section) of

- the extrusion made from Allcy 34 powder. Extrusion

; has been S.H.T. 2 hrs at 860°F, C.W.Q., Aged 48 hrs

. at 315°F.

Figure 45

149-5-1J
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$-293196-A Oxide Renlica

Alloy 87-T6 Powder Fxtrusion

Shows the structure (longitudinal section) of
the extrusion formed from Alloy 87 nowder. The
extrusion had been S.H.T. 2 hrs at 860°F, C.W.Q.
Aged 24 hrs at 250°F.

Fiqure 46

149.9.33
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$-293196~-B Oxide Replica 10,000X ;

Alloy 87 Prolonged Age Powder Extrusion

Figure 47 :

Shows the structure of Alloy 87 powder
extrusion that had been S.H.T. 2 hrs at
BEO°F, C.W.Q. and Aged 48 hrs at 315°F.
Probable identification of dispersoid and
precipitate phases is noted.

149-5-4J
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S$-283490-A Oxide Replica i0,000X
Alloy 52-T6 Powder Extrusion
Figure 48

Shows the structure of the extruded section
made from the Alloy 52 powder that was S.H.T.
2 hrs at 860°F, C.W.Q. and Aged 24 hrs at
250°F. Note the large amount of (Mg-Zn) pre-
cipitate re.ative to other sections of similar
temper.

149.4.%J
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S-283490-C Oxide Replica 10,000X

Alloy 52 Step Aged Powder Extrusion

Figure 49

Shows the structure of Alloy 52 powder
extrusion that had been step-aged 24 hrs

at 250° + 20 hrs at 330°F after solution
heat treatment.
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$-293387-A Oxide Replica 10,000Xx
Alloy 71-T6 Powder Extrusion
Fiqure S0

Shows the structure (longitudinal section)
of the extrusion made from Alloy 71 powder.
The extrusion was S.H.T. 2 hrs at 860°F, C.W.Q.
and Aged 24 hrs at 250°F.
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. $-293387-C Oxide Replica 10,000% ; '
Alloy 71 Step Aged Powder Extrusion :
t Fiqure 51

Extrusion from Alloy 71 powder that had
been step-aged 24 hrs at 250°F + 20 hrs at
330°F after S.H.T. Note increased amount
of grain boundary precipitation.

149-4.24
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APPENDIX A

Statistical Analyses of Alloy Compositions

Attempts at mathematically selecting compositions
resulting in a certain strength have been conducted at times

during the course of this contract. The initial evaluation

——

was made on data compiled before the contract began. Two
5 alloy groups were investigated, the Al-Zn-Mg-Cu-Mn-Cr and the

Al-Zn-Mg~-Cu-Fe-Ni-Mn-Cr series. Equations were obtained from

the data and the predicted optimum tensile strength for each
: group was calculated. The predicted optimum tensile values,
the resulting actual tensile values and t! » equations are

‘ listed in Appendix A, Table I. The predicted and actual
values are not in close agreemert, especially for the latter
series. More data are required.

The statistical analyses of the initial 39 alloys
resulted in the selection of the compositions of Alloys 43
through 59. These data were obtained using several applicable
statistical tools. Acco?ding to the evaluation, V, 2r, Co, Mo
and W appear to have no significant effect on tensile strength.
When these elements appeared, they were generally all present
and the apparent lack of effect could have beer. an inability to
extract information from the combined groups. The ranges worth
investigating were Zn, 8 to 11%; Mg, 3 to 6%; Cu, 1 to 2.5%:
Mn, 1 to 2%; Fe, 0 to 1.58%; Ni, 2 to 5%; Cr, O to 0.1%; and
Ti, 0 to 0.1%. The analyses also indicated the "best™ compo-
sition, which was atomized as Alloy 59. The results are listed

below.
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Predicted Actual
T.s. T-Sc' kSL
Alloy 2n Mg Cu Mn Fe Ni Cr Ti _ ksi H.T.#1 H.T.¥2
- 10.0 4.0 1,5 1.5 1.0 4.0 0.0 0.0 123.0 - -
59 10.2 3.9 1.6 1.6 1.0 4.1 - - - 99.3 83.9

The values are much lower than the predicted values; the
reasons for this large difference are not known.

An evalﬁation of the Al-Zn-Mg-Cu-Mn and the Al-Zn-
Mq-Cu-Mn-Fe-Ni alloys was made to determine if a higher
strength alloy could be statistically selected. Alloys 1 to
3, 33, 35, 36, 39, 48 and 49 were used for the former group;
these same alloys being given Heat Treatments #1 and #2 and
evaluated by the optimum point equation. The resulting compo-
sition selected to give the highest predicted properties was
compared to alloys with similar compositions and heat treat-
ments along with actual properties and is given in Appendix A,
Table II. The actual and predicted ﬁroperties for compositions
given Heat Treatment #1 were good. The compos‘‘ion required
to give the cptimum properties has already been studied. The
multiple regression model was used to analyze all alloys having
a yield strength of 90,000 psi or higher. The equation ob-

tained is

Y.S., ksi = 5.932 + .5029 Zn - .0215 znZ + .7205 Mg

B - .0930 Mg2 - .0962 Cu + .0046 CuZ + .5335 Mn .
- .1426 Mn2 - .1826 Fe + .1622 Fe? + .1031 Ni :
- .0437 NiZ - (4624 Cr - .0639 Ti - .1903
(V4Zr+Mo+W) + .0485 Co - .0015 (Cr+Ti)
+ .0082 (Mg x (Cu+Fe+Mn)] - .0154 (MgxMn)
- .0010 (MgxZn) - .00008 (AlxMgxCu)
- .0011 (AlxCuxFe)

e .

Higher strengths were suggested if the Fe were raised, the Cu

were eliminated or maintained at a low level and using 2n = 11.7,

i i a8 s
W b B adiinis
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Mg = 3,87, Mn = 1.87, and Ni = 1,18, All other alloying ad-
ditions with the exception of perhaps Co are detrimental, A

sample of the predicted yield strengths for several alloys

follows:
_ Composition, % Predicted
Zn Mg Cu  Wn Fe N1 Yield, ksi
11.7 3.87 0.0 1.87 4.0 1.18 127.2
11.7 3.87 0.6 1.87 4.0 1.18 127.0
11.7 3.87 0.0 1.87 3.0 1.18 117.4
11.7 3.87 0.6 1.87 3.0 1.18 117.3

Between the initiation of this survey and the reporting of
the results, the object of this contract was changed. This
resulted in no alloys being made to obtain the high strengths
predicted. Comparisons with existing data are not feasible
since the Fe content is high and the ratio of 3 to 4 Fe to
1 Ni has not been investigated.

In conjunction with the revised cbjective, an
optimum point program was conducted on Alloys 52 and 62 to
72. Each heat treatment, Nos. 1 through 3, was evaluated
separately to give the highest elongation and the yield
strength. The results are given in Appendix A, Table III.
Also included are data for Alloy 7)1 which has a similar compe-
sition. The agreement between the predict=d and actualfyield
strengths is guite good; the agreement between the elongations
leaves much to be desired. Regression analysis was obtained
also, the predicted elongation and yieid strength for two alloys
calculated from the equation. These results are given in
Appendix A, Table IV. An alloy with a higher elonaation is

possible by lowering the Zn, Mg and Co and setting the Cu at

e e e s R A e L Lo
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1.3%. Alloys 19 and 20 have a somewhat similar composition

and were included for comparison. The elongation model pre-

dictions appear quite reasonable but the yield strength pre-

dictions may be high. In comparing the results of the optimum

point program and the regression analysis, it is interesting

to note that though the indicated alloys differ, the general

conclu3ions of lower Zn and lower Co result from both approaches.,
Selection of alloys by statistical methods as a means

of obtaining desired properties is possible. The chances of

obtaining a reliable value depend on the phasks present in the

samples and the logical selection of composition.
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APPENDIX B

Hardness Value

The heat treated APM alloys have hardnesses much high-
er than usually associated with aluminum, Table I. During the

Btep aging evaluation, a possible correlation between the

strength and hardness was sought, A number of alloys were
given Heat Treatment #1 with Age #2 at 330°F or 350°F, the
hardness values being taken at predetermined intervals, Tables
II and III. The results of these and also earlier tests were
; evaluated graphically. The poor reproducibility of several
lots of Alloy 52 is seen in Figure 1. The excellent strength
5 reproducibility is contrasted to the poor hardness reproduci-

bility in the main text in Figure 9, also for Alloy 52. Work

was discontinued.
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Appendix B i

i
Table I !
|
HARDNESS VALUES OF SELECTED APM ALLOYS ‘
Ailoy Sample Test Rockwell Brinell L
Number mﬁu H.T, No, (a)  Plece (b)  Hardness  Hardness ic ;
b 283442 2 A G-79 (189) I
3 28%%9 2 B ---- 230 (e) :
v 283449 3 B ---- 229 (e)
8 2834 2 A G-80 (192) |
3 28 »?6 2 B 298 (e) !
283459 3 B “en- 210 (e) ;
28346 1 A G-71 (167)
39 28%%6% 2 A G-go (192; .
& |
L 283471 2 A G-84 (210) |
’ 283472 2 A G-79 (189) !
0 284130 F c B-56 (90)
’ 28h1§0 2 c G-gé {220)
2834BL 2 A G-84 (210)
52 307454 1 E e 190 (e)
307454 1 F —--- 189 (e)
. 307455 1 £ 188 (e)
307455 1 F — 186 (e)
307450 2 E ---- 195 (e) -
307454 2 F ---- 204 (e) P
07459 2 E -—--- 182 (e) Py
307455 2 F —ee- 190 (e) P!
283497 2 A G-73 (172) !
284131 2 D G-87 226 (d) ¢
284131 2 D -—-- 2(1)3 (e) §
284131 3 D G-8k 20k (e) {i
284131 3 D .- 219 (f) i !
62 307321 1 E ——-- 186 (e)
- 307321 1 F —ee- 181 (e)
307321 2 E ——-- 190 (e)
307321 2 F ——-- 188 (e)
64 307323 1 E - 176 (e) 3]
307323 1 F 186 (e) |
307323 2 E ---- 176 (e) L
307323 2 F ——-- 192 (e) 2
71 307330 1 E - 191 (e) '
307330 1 F 192 (e) ¥
307330 2 E -——- 185 (e) :
307330 2 F ——-- 190 (e) i

praindhp N SO

(a) Heat Treatment
F - As Fabricated.
#1 - SHT 2 hrs. at 860°F, OWQ, Aged 24 hrs. at 250°F.
#2 - SHT 1/2 hr. at 920°F, CWQ, Aged 96 hrs. at 225°F.
#3 - SHT 2 hrs. at B860°F, CWQ, Aged 9% hrs. at 225°F.

(b) Test Pieces
A - Broken tensile specimens from 2 in. dia. extruded rod.
B - Rolled plate from hot press forged compacts.

C - Slices from hot compacted billets.

D - Section of rolled plat.: from 1™ x k-1/4" extrusion
1/2* thick. .

E - Secticn of rolles sheet from 1" x L-1/4" extrusion

1/10" thick,
F - Section of rclled plate frem 1% x 4-1/4" extrusion
/" thick.

{c) Values in parenthesis are converted from Rockwell to Brinell
Hardness values using a ;00 kg load and a 10 mm ball.
Source: ASM Metals Handbook, 1948 Edition, p. 10)

(d) 15CC kg luvad and 10 an ball.

(e) 500 kg load and 10 am ball.

(f) 3000 kg load and 10 mm ball.
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APPENDIX C

Fatigue limits were determined on smooth (unnotched)
specimens machined from extruded stock of Alloys 52, 62, 64
and 71. The specimena were given Heat Treatment #1. The
results are compared with the 7075-T6 product scatter band,
Figure 1. The fatigue limits of these alloys generally fall
above the 7075-T6 band with a few falling on or just below
the upper limit of the band. The fatique limit for Alloy 62
is approximately 32 ksi, for Alloy 64 approximately 31 ksi,
and for Alloy 71 approximately 32 + 1 ksi. No fatigue limit
was determined for Alloy 52 because of testing difficulties.

Additional tests were made outside the conctract but
are included in this report. Smooth (unnotchedf and notched
specimens of Alloy 71 extrusions were given Heat Treatment 81
and also step aged, Figure 2. The notched specimens are at
least as good as notched 7075-T6. The smooth specimens are
better than 7075 smooth specimens. Stepr aging does not appear
to improve or have an adverse effect on the fatigu: endurance
limit. Alloys 85 and 86 alsc show similar fatigus endurance

limits in the smooth and notched coniigqurations, Figqure 3.
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